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Further details of sample size calculations
Our sample size calculations were based on the assumption that for the proportion of patients fulfilling the criteria for any one of our primary outcome measures, there would be a maximum 11% reduction in the simple feedback arm and a 50% reduction in the pharmacist intervention arm.
The suggested 11% reduction in the simple feedback arm is the equivalent to the 75% centile for changes observed as a result of audit and feedback in a Cochrane systematic review available at the time that we did our sample size calculations. 1 The suggested 50% reduction in the pharmacist intervention arm of the trial is based on extrapolation from our pilot studies 2, 3 and findings from systematic reviews and other studies that, at the time of applying for funding for our study, showed that:
Pharmacist-led interventions can lead to resolution of medication-related problems in 55-93% of patients. [4] [5] [6] [7] [8] Educational outreach is a moderately powerful tool for changing professional behaviour. 9 Multifaceted interventions aimed at different barriers to change are more effective than single interventions. 10 Separate sample size calculations were performed for each of three primary outcome measures (see Web-table  1) . Sample sizes unadjusted for clustering were calculated using the software package nQuery Advisor® version 6.0. 11 Sample sizes were inflated to adjust for clustering using ICCs and average cluster sizes estimated from QRESEARCH practices, as described below and shown in Web-table 1.
Data from 43 general practices contributing anonymous clinical data to the QRESEARCH research database (www.qresearch.org) were used to describe prevalence rates of asthma and peptic ulcer disease and to estimate the median proportions for each of our primary outcome measures. The intracluster correlation coefficients (ICCs) used in the calculation of the design effect (to inflate the sample sizes to adjust for the cluster design) 12 were as follows: 0.01082 for patients with a history of peptic ulcer who had been prescribed a non-selective NSAID (excluding those that were also in receipt of PPIs, which would protect against the risks from NSAIDs); 0.010657 for patients with asthma who had been prescribed a beta-blocker; 0.00952 for patients aged 75 years and older who have been prescribed an ACE inhibitor or a loop diuretic long-term who had not had a computer-recorded check of their renal function and electrolytes in the previous 15 months.
The calculation shown in Web-table 1 indicates that we needed at least 66 practices to detect a difference between an 11% reduction in error rate in the simple feedback arm and a 50% reduction in the intervention arm for each of our three primary outcome measures.
On the basis of these calculations, we decided to aim to recruit at least 68 practices. With 34 practices in each of the two intervention arms, we would have at least 80% power (two-tailed alpha of 0.05) to demonstrate a 50% reduction in rates of hazardous prescribing and medicines management in the pharmacist-led arm compared with 11% in the simple feedback arm. Additional information on the cost-effectiveness analysis
Methods

Interventions
As noted in the main paper, 36 practices were randomly allocated to the Simple feedback arm and 36 to the PINCER intervention. Web- figure 1 illustrates the comparators and the probabilistic events associated with each strategy.
Outcome measures
The primary and secondary outcome measures were the proportion of patients in each practice at six-and 12-months post-intervention with a specified set of prescribing or monitoring errors (see Table 1 in the main paper). The outcome for the economic analysis was the number of errors detected by the report generation process in both PINCER and Simple feedback arms at six months and 12 months after the intervention. For the economic analysis we used outcome measures 1, 2, 3, 5(a and b), 7 and 8 (see Table 1 in the main paper). We did not include outcome measure 4 because the number of patients with errors was very small; we did not include outcome measures 6, 9 and 10 because there were difficulties obtaining full data in all practices, as described in our trial protocol.
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Costs
Costs were obtained from the perspective of the English NHS in terms of the direct costs of providing an intervention to reduce prescribing errors in general practice. The study was not powered to detect differences in costs because there is no prior study upon which to base a power calculation. The time horizon was six months in the base case. All costs were incurred at practice level, so correction for clustering was not required.
Resource use
The only cost associated with the Simple feedback arm required the researchers to go back into the practices at set time periods to generate error reports from general practitioner (GP) systems. These costs were retained in the model to reflect the equivalent resource that would be consumed in practice to generate these error reports. The PINCER intervention comprised these report generation costs, plus a training session; facilitated meetings; monthly meetings; practice feedback meetings; time spent in each practice outside meetings following up errors. Web-table 4 provides a summary of the cost components for the Simple feedback and PINCER arms.
Error report generation
Researchers involved with the study estimated that running computer queries took two hours and report printing took 15 minutes. These times were not recorded but considered to vary between practices, independently of practice size. Key reasons included the speed of the system in the practice, how many people were using the system at the time the computer query was run and whether the system crashed before completion. If the system crashed before finishing the query, then the query would have to be run again from the start. The time taken to run the computer queries was based on the time it should take without any problems occurring.
Training session
The initial pharmacist training session costs reflect set-up costs of the intervention and would be incurred if the intervention were rolled out into clinical practice.
Facilitated meetings
Five quarterly facilitated meetings were held for the pharmacists running the interventions across the 36 intervention practices to provide a strategic overview of the initiative and to maximise homogeneity of the intervention. In clinical practice, a facilitated meeting would equate to a strategic practice meeting.
Monthly meetings
The aim of the monthly meeting between practice pharmacists and the Trial Manager was to deal with operational issues within individual practices. Twelve monthly meetings were held. These meetings would equate to operational meetings and, in practice, would be added onto other Primary Care Trust (PCT) team pharmacist meetings with general practices.
Practice feedback sessions
The aim of the feedback session was to provide each practice with feedback and support on management of errors, using root cause analysis to identify how systems could be improved. Between one and three practice feedback sessions were held for each of the 36 intervention practices. The length of time spent per practice was not recorded, but was estimated by the pharmacists to be about one hour. The general practices involved in the Simple feedback arm and the PINCER intervention arm may have spent time correcting errors and improving safety systems, but these data were not collected in either arm. The cost components were summed together to give the total mean cost per practice in each arm of the trial (see Web-table 5 ).
Time spent dealing with errors
Construction of total costs associated with Simple feedback and PINCER intervention delivery
Economic analysis
Prior to incremental cost effectiveness analysis, costs and outcomes were adjusted for specific characteristics. Regression analysis was planned to assess the effect of base list-size and at-risk list-size, as well as the following: i) number of GPs, in order to capture scale effects (this included the square of base list-size and atrisk list-size to also capture non-linear economies of scale); ii) Quality and Outcomes Framework (QOFhttp://www.qof.ic.nhs.uk) and medicine-related QOF score (both were tested but QOF score was more informative), in order to capture efficiency; iii) Strategic Health Authority, in order to capture any potential regional fixed effects, and iv) demographic information on area-level deprivation, average ages and gender proportions.
The negative binomial model was used for regression analysis of errors. 2 The negative binomial model is used to estimate count data when over-dispersion means that the Poisson regression model would be inappropriate. Variance is greater than the mean for errors per practice in both groups, and the relative variation differs between groups. As a result Poisson regression would underestimate the standard errors of the coefficients. Costs were estimated via generalised linear modelling (GLM) assuming a gamma distribution.
Incremental cost-effectiveness ratios (ICERs) were calculated for differences in error rates between the Simple feedback and PINCER interventions.
Bootstrapping with replacement was employed, to identify the magnitude of uncertainty around the ICERs, utilising Microsoft Excel, using a minimum of 10 000 iterations to obtain 2•5% and 97•5% percentiles of the ICER distribution. 3 A cost-effectiveness acceptability curve was constructed to express the probability that the cost per extra unit of outcome (error avoided in this study) gained from within the trial (y-axis) is cost-effective as a function of the decision-maker's ceiling cost effectiveness ratio (λ) (x-axis).
Findings
Adjustment of outcomes
Negative binomial regression determined that only intervention and list-size were important predictors of error rates. An interaction term was also included between intervention and scale variables. It was not significant, however, and was subsequently removed. The model was estimated using the robust sandwich-estimator of the variance-covariance matrix. 5 Marginal effects from the final model are in Web-table 6 .
Base list-size was scaled downwards for regression; the coefficient reflects the marginal increase in errors from a predicted mean of 33•69 per practice of an additional 100 patients. The variables for number of GPs and atrisk list-size were not statistically significant when base list-size was included, suggesting that they are all representing the overall catchment of the practice. Neither area-level deprivation nor QOF scores were statistically significant.
Besides using information criteria to select specifications and to choose between Poisson and negative binomial regression models, standard approaches to testing for independence in the errors were used, including fitting covariates to the residuals and fitting residuals to the fitted values. This supported the models above as appropriate approaches.
Adjustment of costs
Adjusted costs were estimated via GLM assuming a gamma distribution. Only the PINCER group was used in this analysis, since intervention costs in the Simple feedback group were constant (see Web-table 7) . Only base list-size was significant.
Probabilistic incremental economic analysis
A probabilistic incremental cost-effectiveness analysis was completed using the adjusted cost and outcome data outlined above (see Table 4 in the main paper). The predicted errors and costs following the negative binomial regression for errors and the GLM regression for cost were used to characterise the distributions of incremental cost and effect. This allowed for bootstrapping with broader probabilistic sensitivity analysis since the values of the covariates were allowed to vary in the sample.
Web- figure 2 illustrates the ICER distribution at six and 12 months.
Discussion
To our knowledge, this is the first study of this kind to present the cost-effectiveness of an intervention to reduce medicines-related errors in primary care. The PINCER intervention reduced error rates, with increased cost, at both six and 12 months post-intervention.
Limitations
The costs of the Simple feedback and PINCER intervention arms were assumed to reflect how the interventions would be implemented in practice. It is possible that, once the trial environment is not present, the interventions may consume resources differently, although a qualitative study that was done alongside the trial does not suggest that this would be the case (publication forthcoming). There are also different potential models of this type of service provision, which may affect costs.
This economic analysis did not include any costs other than those incurred as a direct result of the intervention. In particular, the costs did not take account of any time spent by the general practices dealing with errors or improving safety systems. It is not clear whether Simple feedback or the PINCER intervention would be most costly in terms of general practice time, but in either case the costs presented here underestimate the real cost to practices.
This economic analysis of "cost per error avoided" carries the assumption that reducing errors is a desired objective. The analysis did not include any costs or outcomes that may have been incurred as a result of the error. It is not clear how cost per error avoided translates into actual health lost, and therefore whether the ICER for the PINCER intervention will represent good value for money; the true clinical and economic impact of the intervention cannot be assessed on the basis of this analysis. This is reflected in the lack of a net benefit statistic. While there is an assumption running through this study that reducing errors is a good thing to do, it could be argued that for some outcomes the PINCER intervention is using resources to be overly cautious with few benefits for patients. This assumption can only be disproved when we know more about the links between avoiding errors and patient benefit. Some outcomes in this study have clear probabilistic events, such as gastrointestinal bleeds from non-selective non-steroidal anti-inflammatory drugs in patients with a history of peptic ulcer, but others have less clear future morbidity and resource use.
Discussion of other studies
Cost per error avoided has not been widely generated by other studies. There has been no systematic review of economic evaluations of interventions to reduce medication errors in primary or secondary care. A review of economic effects of 17 clinical pharmacy interventions demonstrated that studies had serious limitations in their methodological quality and applicability to current practice; did not use a comparative study design, or include incremental cost-effectiveness analysis. 6 None were based in primary care or reported cost per error avoided. The poor quality of economic studies of pharmacy-based interventions has led to calls for improved research in the future. 7 One modelling study was found that aimed to detect the economic impact of a pharmacy-based intervention to reduce medication errors. 8 No cost per error was reported so we cannot compare their results directly with our study. Using a range of assumptions, however, this UK study estimated from the error rate, what was the potential to cause harm. Utility weights were attached to harm from undetected errors divided into significant, serious, severe, life-threatening or fatal. These were hypothetical estimates as there are no relevant data available to describe the utility effects of the broadly defined severity categories. This pharmacist-led reconciliation intervention was demonstrated to have a probability of being cost-effective of over 60% by a QALY value of £10 000. This suggests that pharmacist-led interventions to reduce error rates may have the potential to be cost-effective according to currently employed cost-effectiveness thresholds.
Policy implications and further research
In considering the possibility of rolling-out the PINCER intervention to the English NHS it is important to recognise that there would be opportunity costs. Currently general practices in England have access to a variable amount of support from pharmacists employed by primary care organisations, with much of their time taken up with helping practices to control prescribing costs. For the outcomes included in the economic evaluation, the PINCER intervention took around 18 hours of pharmacist time per practice. Such an amount of time would probably be manageable for pharmacists currently working with English general practices, but without the addition of more resource, it may mean less time spent on other activities.
The economic analysis of "cost per error avoided" carries the assumption that reducing errors is a desired objective. The analysis did not quantify the clinical effects on patients of avoiding errors, nor the subsequent economic effects of managing the effects of those errors. Therefore, "cost per quality-adjusted life year (QALY) gained" could not be generated for the intervention. This means that it is not possible to assess whether the ICER generated for this intervention would be considered cost-effective according to current policy decision rules in England, such as a £20 000 to £30 000 per QALY threshold, as used by National Institute for Health and Clinical Excellence (NICE). The current convention is that interventions need to demonstrate an incremental cost per quality adjusted life year of £20 000 -£30 000 or less to be considered a cost-effective use of NHS resources. However, it may be argued that interventions to improve safety have a wider objective than to increase the health gain in the population. It is likely that increasing safety of health services increases public trust in that system. In a privately funded system, this may lead to increased utilisation of that system, and in a publicly funded system, this may lead to increased support from the electorate and their representatives. Therefore, the aim of the intervention may be broader than health gain, rendering the application of the current convention for cost effectiveness questionable. Nevertheless, further research is needed on the costs and benefits of avoiding different types of medication error so that future interventions can be designed to be as cost-effective as possible. 
Cost component Method of cost allocation
